ABSTRACT
Introduction
hernia meshes ensure structural stability and prevent protrusion of organs in case of herniation. they are used for repair not only of different types of abdominal hernias, but also for surgical reconstruction of large chest wall defects and for effective treatment of all types of female stress incontinence in sling surgery.
A selection of hernia meshes is a compromise between their biocompatibility and mechanical performance. A critical evaluation of prosthetic materials used for repair of abdominal wall hernias showed that there are necessary qualities of synthetic materials which were established by cumberland (1) and Scales (11) more than sixty years ago. Most of the requirements are medical: the meshes should not be carcinogenic, they should not produce a state of allergy or hypersensitivity, should be capable of being sterilized, should not excite an inflammatory or foreign body reaction. Other requirements are based on their mechanical performance: meshes have to be capable of resisting mechanical strains and not be stiff. Many of the medical requirements are met by some prostheses (3, 12) , but there is little precise knowledge of the mechanical compatibility of hernia meshes, although it is known that the mechanical compatibility between the hernia meshes and the abdominal wall layers plays an important role in avoiding postoperative complications.
the problems of the mechanical compatibility were investigated in recent studies (4, 5, 7) and a method for proper choice of hernia meshes based on their tensile properties was proposed (4, 6) . The method specifies the type of the hernia mesh with mechanical properties closest to those of the human abdominal fascia, which is a part of the abdominal wall.
the commercially available hernia meshes are made of relatively stiff material so the hypothesis of our study is that mechanical compatibility exists between abdominal layers and hernia meshes if there is similarity in their elastic, equilibrium module and level of orthotropy in the physiological range of deformations. the aim of this study was to compare and evaluate several prosthetic materials by their elasticity and the level of orthotropy according to experimental results of tensile and relaxation tests.
Materials and Methods
Uniaxial tensile and relaxation tests were performed with human abdominal fascia and hernia meshes from three different brands: polypropylene knitted reinforcement monofilament hernia mesh Surgimech (SM) (Aspi Medical, France), polypropylene knitted monofilament mesh Tecnomesh (TM) (tecnoMedic Gmbh, Germany) and Surgipro (SP) (USSc, USA). Fascia and mesh specimens were cut in two orthogonal directions. Mesh specimens were cut parallel to the column of loops and along the rows of loops. the direction parallel to the column of loops will be denoted as L (longitudinal) in this study, while the direction parallel to the rows of loops will be denoted as T (transverse). For each brand ten samples (10 mm×70 mm) were studied, where five specimens were loaded parallel to the course (rows of loops) and the other five were loaded parallel to the wales. the fascia samples were harvested from umbilical and inguinal regions of non-herniated subjects. the average age of the subjects was 66.5 years in the range of (46-87) years. the investigation of elastic properties included 96 specimens from umbilical and transversalis fascia taken from 16 donors (8) . Relaxation experiments were performed with 17 samples of fascia umbilicalis, cut parallel to the fiber bundles (direction L) and orthogonal to the fibers (direction T) (9) . the dimensions of samples were up to 10 mm×70 mm.
Strips were mounted in an upgraded testing machine FU1000/e (VeB thuringer industriewerk, Rauenstein, Germany, 1976) with load cell 500 n, minimal value of the load of 20 g and minimal value of the displacement of 0.1 mm (Fig. 1) . the experiments were performed with velocity of elongation for tensile tests of 0.13 mm/s and velocity of elongation for relaxation experiments of 1.26 mm/s.
From the load-deformation curves the following mechanical characteristics were calculated: stretch ratio
, where L 0 is the undeformed length and L is the deformed length of the specimen, lagrangian stress T defined as a load F divided by undeformed cross sectional area of the specimen S 0 and ratio T t/ T l of calculated lagrangian stress at 5 %, 10 % and 15 % strain . the obtained experimental data from tensile tests were represented as stress-stretch ratio curves.
the relaxation process of the specimens was characterized by the stress relaxation modulus E eq and the ratio of calculated lagrangian stress T t /T l at the beginning of the relaxation test and at t = 600 s, 1000 s. the ratio T t /T l is an indicator for the orthotropy of the tested hernia meshes and abdominal layer.
Results and Discussion
Large or recurrent abdominal wall defects are difficult to repair and require proper selection of hernia meshes. the discrepancy between mechanical property of tissues and prosthesis might be an essential cause for complications and recurrent hernia. in order to contribute for avoiding postoperative complications due to mechanical incompatibility, we performed this investigation with the main hypothesis that the mechanical incompatibility between abdominal layers and hernia meshes will become lower if there is similarity in their elastic, equilibrium module and level of orthotropy in the physiological range of deformations. the curves presented in Fig. 2 describe the mechanical behaviour of mesh samples subjected to tensile test in two orthogonal directions. the results show that the behavior of specimens is direction dependent. only the French mesh SM revealed isotropic properties in the physiological range of deformation (up to 5 % or 7 % elongation) (4) . the values of the elastic modulus E for the investigated hernia meshes were calculated and compared with the elastic modulus of abdominal fascia (Fig. 3) . the values of E for all three brands of meshes in the transverse direction are about 2 times higher than those in the longitudinal direction. only the results for SM were very close at 5 % deformation (E = 8.16 MPa for SM l and E = 7.4 MPa for SM t ). the elastic module in the longitudinal direction of the investigated meshes is lower than those of the abdominal fascia in the range from 5 % to 15 % of deformations. they are in the range of 3.9 MPa to 8.16 MPa, while E for fascia is up to 10.7 MPa. in the transverse direction, however, the values of E for meshes are up to 3 times higher than the corresponding values of E for fascia (Fig. 3) . the viscoelastic response is an important feature of soft tissues and synthetic biomaterials and we investigated their equilibrium modulus and level of orthotropy during relaxation experiments as main parameters characterizing their viscoelastic behaviour. From the relaxation curves obtained earlier in performed relaxation experiments with Surgimesh, tecnomesh and Surgipro (10) we calculated the values of equilibrium modulus E eq at t = 600 s and 1000 s. the results are plotted in Fig. 4 . As all meshes revealed orthotropic mechanical properties and different shapes of the mean relaxation curves were obtained, the values of E eq differed in magnitude according to the brand of mesh, loading direction and relaxation time (Fig. 4) . it was obtained that the viscoelastic properties of fascia in the longitudinal direction are very different from the viscoelastic properties of hernia meshes, but in the transverse direction the properties of fascia are close to those of Surgipro. the orthotropy of the tested materials was investigated using a stress ratio T t /T l calculated at 5 %, 10 % and 15 % strain (Fig. 5a) or during the relaxation experiment at t = 0, t = 600, t = 1000 s (Fig. 5b) . if a material possesses isotropic properties, the stress ratio becomes nearly 1. in our case the stress ratio at tensile tests was 0.8-1.91 for hernia meshes and 0.23-0.35 for fascia. the level of orthotropy in the case of tensile experiments is not a constant but depends on the applied strain. the results showed that the variation of the degree of orthotropy according to deformation for tM, SP and fascia is almost negligible, but for Surgimesh the variability of the degree of orthotropy is 61 %. From the study of Ferrando et al. (2) the level of orthotropy for Bard composix, Bard polypropylene and Gore-tex Soft tissue Patch was calculated to be 1.85, 2.06 and 0.97, respectively. the level of orthotropy of Bard composix and Bard polypropylene is close to the level of orthotropy of tM, while the orthotropic properties of Goretex Soft tissue Patch are near those of SM at 5 % deformation (7) . to the best of our knowledge, there is no information about the degree of orthotropy for other hernia meshes during relaxation test and we could not compare the obtained results.
Analyzing the obtained results for meshes and fascia, it can be concluded that the load bearing capacity of the meshes in direction T is higher than in direction L because the values for T t are higher than those for T l . the results in Fig. 5 showed that at a physiological range of deformations, the level of orthotropy of SM is closest to the one of abdominal fascia.
the level of orthotropy of the tested materials during the relaxation experiment at t = 0, t = 600, t = 1000 s is in the range 1.41-2.86 for hernia meshes and 0.355 for fascia (Fig. 5b) . the variation of the degree of orthotropy in the relaxation experiment for tM, SP and fascia was negligible. the results showed the influence of deformation on the variation of the level of orthotropy.
on the basis of obtained results we propose that with reference to hernia recurrence meshes with minimal stiffness should be used. the study provides some information about visco-elastic properties and level of orthotropy of meshes which should be taken into account as recommendations for use of these hernia meshes in the surgical practice. Further critical investigation in the clinical practice of these hernia meshes should be performed.
Conclusions
in this study we proposed a selection of hernia meshes on the basis of experimental results for abdominal layers. From tensile and relaxation tests we obtained information for elastic, equilibrium module and level of orthotropy of investigated biomaterials.
it was obtained that the elastic properties of SM are closest to the mechanical properties of the fascia only in the longitudinal direction when a 5 % deformation was applied. outside of this area, all tested meshes exhibited mechanical properties very different from those of abdominal fascia. it was obtained that the stress ratio at tensile tests is 0.8-1.91 for hernia meshes and 0.23-0.35 for fascia.
To our knowledge, the present study is the first in the field of biomaterials which compares equilibrium module and level of orthotropy of umbilical fascia and hernia meshes. Using the proposed method for evaluation of synthetic hernia meshes compatibility, it was obtained that the elastic and viscoelastic properties of the investigated materials are very different. the results suggest that finding the mesh which is mechanically compatible to abdominal fascia according to its elastic and viscoelastic properties is a very difficult and challenging task. 
